We identified the Arabidopsis MALE STERILITY1 (MS1) gene by transposon-mediated mutagenesis. In the transposon-inserted allele ms1-8, normal immature microspores separated from tetrads, but their subsequent maturation was abnormal: the outer layer of the microspore was absent, and both the microspore and the tapetal layer gradually became vacuolated. Empty locules resulted. The MS1 gene was expressed only in the tapetal layer during a very short period when the microspores were packed as tetrads. By the time the microspores had separated, the gene was no longer expressed. MS1 was not expressed in microspores. MS1 encodes a protein with a PHD-finger motif characteristic of some transcriptional regulators. A fusion protein consisting of the N-terminus of MS1 and green fluorescent protein was localized in the nucleus. These results suggest that MS1 protein is a nuclear signal molecule indispensable for pollen maturation.
Introduction
Analysis of male-sterile mutants is necessary for elucidating the mechanism of pollen development and agricultural application in the production of hybrid seeds. Sporophytic mutations causing male sterility have been identified in various species of higher plants, including Arabidopsis. Nuclear genes controlling male fertility participate in various processes, including determination of reproductive cell fate, meiosis, maturation of microspores, and dehiscence of anthers (Chaudhury 1993 ). In Arabidopsis, several genes implicated in these processes have been isolated by analysis of male-sterile mutants , Glover et al. 1998 , Yang et al. 1999 , Sanders et al. 2000 , Ishiguro et al. 2001 .
We have been producing transposon Ds-inserted Arabidopsis mutants for molecular analysis of genes (Ito et al. 1999 , Ito et al. 2002 . Using these transposon-tagged lines, we are screening sterile mutants to isolate genes responsible for the development of reproductive organs. In this paper, we report the isolation of a Ds-tagged mutant allelic to male sterility1 (ms1), described by Van der Veen and Wirtz (1968) , and describe the phenotype of the Ds-tagged allele ms1-8. While we were analyzing the MS1 gene, Wilson et al. (2001) reported the isolation of the gene, which encodes a protein with a PHDfinger motif, and expression analysis through the use of RT-PCR and promoter::GUS systems. Here, we add more precise expression analysis of MS1 by in situ hybridization, and subcellular localization analysis of the MS1 protein. We show that MS1 is expressed only in the tapetal layer during a very short period when microspores are packed as tetrads. This stage is just before the stage at which the mutant phenotype appears. In addition, we show that the MS1 protein possesses an NLS (nuclear localization signal). These results strongly suggest that MS1 is a nuclear signal molecule indispensable for pollen maturation.
Results

Isolation of a transposon-inserted allele of ms1
We have been producing Ds-inserted Arabidopsis mutants (background ecotype, Nossen) by using a local transposition system (Ito et al. 1999 , Ito et al. 2002 , and we are screening sterile mutants. We isolated a male-sterile mutant (line number 52-0524-1; Fig. 1A ) from 1,400 Ds-inserted lines transposed from a start line, Ds391-20, whose initial Ds had been mapped near RFLP marker g4560 on chromosome 5 (Smith et al. 1996) . By using TAIL-PCR analysis (Liu and Whittier 1995) , we identified the position of the transposed Ds of line 52-0524-1 in the P1 genomic clone MWD9 (DDBJ/EMBL/GenBank accession no. AB007651), whose locus had been mapped near g4560 (Kotani et al. 1997) . By genetic analysis, we confirmed that the male sterility locus and the Ds locus of line 52-0524-1 were cosegregated (data not shown). Because the map position of g4560 was close to that of the ms1 locus (Hauge et al. 1993) , we carried out allelism analysis between the ms1-1 allele (background ecotype, L-er) (Van der Veen and Wirtz 1968) and line 52-0524-1. These mutants could not complement each other's sterile phenotype (data not shown), indicating that they were allelic. We named our allele ms1-8 (ms1-2, 3, 4, 5 and 6, Wilson et al. 2001; ms1-7, Wilson et al. personal communication.) .
To confirm that Ds insertion was responsible for the mutant phenotype of ms1-8, we tried to isolate revertants from sterile to fertile phenotype. We could not obtain any, probably because Ds was irregularly inserted in ms1-8 (Fig. 1B) . Part of the inverted repeat sequence of the Ds element necessary for transposition has been deleted in ms1-8, so the efficiency of excising the Ds in ms1-8 would be very low. As an alternative method, we tried to complement the ms1 phenotype with genomic DNA at the Ds locus. First, we isolated a gene in which Ds was inserted. A cDNA clone (l-1) was obtained from a flower cDNA library (Weigel et al. 1992 ) by using a TAIL-PCR fragment flanking the Ds as a probe. A 5.6-kb genomic fragment (g-1) containing the l-1 clone (Fig. 1C) was used for complementation of the ms1 phenotype (Table 1) . In this experiment, ms1-1 allele was used instead of ms1-8. The g-1 fragment was introduced into wild-type plants by Agrobacteriummediated transformation. In the transformation procedure, kan- Table 1 Complementation of the ms1-1 mutation with the g-1 clone a Female ´ male. b Seedlings were grown on plates without kanamycin and transferred to soil. c Seedlings were grown on plates under kanamycin selection, and kanamycin-resistant seedlings were transferred to soil. d The calculated value was based on the expected ratio of fertile:sterile = 15 : 1. e W1, 2, and 7 are independent transformants (Columbia) of the g-1 clone derived from L-er genomic DNA. f M2, 3, and 6 are independent transformants (Columbia) of the g-1 clone derived from ms1-1 genomic DNA. g F 2 seeds were produced by self-pollination of a single kanamycin-resistant F 1 plant. amycin was used as a transformation marker. Therefore, the kanamycin-resistant (Kan R ) phenotype cosegregated with the g-1 fragment. Several independent transformants were crossed with the ms1-1 mutant. Resultant Kan R F 1 plants (genotype, MS1/ms1-1; +g-1/-) were self-pollinated, producing F 2 seeds. If the g-1 complements the ms1-1 mutation, a 15 : 1 ratio of fertile to sterile F 2 plants would be expected. The 'Nonselected plants' column in Table 1 shows that the wild-type g-1 fragment caused a ratio which is close to 15 : 1, while the g-1 fragment derived from ms1-1 genomic DNA is far from 15 : 1. This result indicates that the g-1 fragment complemented the ms1-1 phenotype. To confirm this conclusion, we carried out another test which is shown in the 'Kanamycin-selected plants' column. F 2 plants with the g-1 fragment were selected as Kan R plants. If the g-1 complements the ms1-1 mutation, no sterile plants would be expected. In families W1, 2 and 7, all of the F 2 plants showed fertile phenotype. On the other hand, in families M2, 3 and 6, several sterile F 2 plants appeared. From these analyses, we conclude that the g-1 fragment complemented the ms1-1 phenotype and that the l-1 clone is the MS1 gene.
Histological analysis of ms1-8
The pollen wall of the ms1-1 mutant (L-er background) fails to develop shortly after the release of microspores from tetrads (Dawson et al. 1993 , Wilson et al. 2001 . To elucidate the function of MS1, we examined another allele, ms1-8 (Nossen background). ms1-8 produced normal tetrads indistinguishable from those of wild-type Nossen plants ( Fig. 2A, E) , indicating that MS1 does not participate in pollen development until tetrad formation. At the stage just after microspores separate from tetrads by callose degradation, the phenotypes of wild type and ms1-8 looked similar (Fig. 2B, F ), but the later maturation of the immature microspores of ms1-8 was abnormal.
The outer layer of the microspore seen in the wild type was not present in ms1-8 (compare C and G in Fig. 2 ), and both microspores and tapetal cells became vacuolated (Fig. 2H ). Empty locules resulted (Fig. 2I) . These phenotypes were similar to those of the ms1-1 mutant (Dawson et al. 1993 , Wilson et al. 2001 , suggesting that background ecotype does not influence the ms1 phenotype. We conclude that MS1 is necessary for the maturation of microspores.
Gene structure of MS1 and protein structure of MS1
Comparison between the genomic DNA sequence and the cDNA clone (l-1) revealed the structure of MS1 (Fig. 1C) . The coding region of MS1 is separated by two introns, and ms1-1 has a point mutation in the second splice donor site. Southern analysis and computer analysis indicated that MS1 is a singlecopy gene (data not shown). A large ORF encoding a 77-kDa protein with 672 amino acids was predicted (Fig. 3A) . The predicted amino-acid sequence contained three characteristic motifs: a putative NLS with a basic segment (Lys-Lys-Arg-LysArg), a region homologous to a mitochondrial ORF (orf160; DDBJ/EMBL/GenBank accession no. Y08501) (Unseld et al. 1997) (Fig. 3B) , and a PHD-finger motif (Fig. 3C) . The PHDfinger motif has a unique Cys 4 -His-Cys 3 pattern different from the Cys 3 -His-Cys 4 RING ('really interesting new gene') finger and the Cys 2 -His-Cys 5 LIM (Lin-11/Isl-1/Mec-3) domain (Aasland et al. 1995) . ms1-8 contained Ds upstream of the region encoding the PHD-finger motif (Fig. 1C) . We also found a leucine-zipper-like sequence where Leu residues appear every seventh residue over four repeat units (Fig. 3A, B) .
Expression analyses of the MS1 gene
The mutant phenotype of ms1 appears only in floral tissues (Van der Veen and Wirtz 1968, Dawson et al. 1993 , McCormick (1993) . Samples were fixed with FAA (1% formaldehyde, 2.5% acetic acid, 45% ethanol) overnight and embedded in Technovit 7100 resin. Sections (4 mm thick) were stained with toluidine blue O. tl, Tapetal layer; t, tetrad; ms, microspore. Bar = 10 mm. Wilson et al. 2001 , this study). To examine whether expression of MS1 is floral-tissue-specific or ubiquitous, we carried out Northern analysis. However, we could not detect any signals (data not shown), indicating that this gene is expressed at a very low level or in restricted tissues. As an alternative, we carried out RT-PCR analysis using roots, leaves, stems and inflorescences (Fig. 4A) . A signal was detected only in inflorescences, indicating that this gene is expressed in restricted tissues during pollen development.
To precisely identify tissues and developmental stages in which MS1 was expressed, we carried out in situ hybridization analysis, rather than colorimetric analysis using transgenic plants of an MS1 promoter::GUS construct. When assayed for at various stages of floral buds, the MS1 transcript was observed only in the tapetal layer during a very short period in which microspores were packed as tetrads (Fig. 4B) . It was no longer found when the microspores had separated. These results indicate that MS1 is expressed just before the stage at which the histological aberration appeared in ms1-8. We could not detect MS1 mRNA in microspores (Fig. 4B) . These expression patterns were consistent with the sporophytic nature of the recessive ms1 mutation.
MS1 protein has an NLS
The MS1 protein contains a PHD-finger motif, such as is found in several transcriptional regulators of diverse plants, fungi and animals (Aasland et al. 1995) . If MS1 is a transcriptional regulator, it would be expected to localize in the nucleus. Because we found a basic segment at the N-terminus (Fig. 3A) , we examined whether the N-terminal segment works as an NLS. To this end, we constructed a chimeric gene encoding a fusion protein of the N-terminal region of MS1 (amino acids 1-36) and GFP (MS1N-GFP), and introduced this construct into Arabidopsis root cells by particle bombardment. As shown in Fig. 5 , the fusion protein was found in the nucleus (Fig. 5C, F,  I ). As a positive control, we examined a fusion protein of the NLS of the simian virus 40 large-tumor antigen and GFP (SV40 NLS-GFP) (Chiu et al. 1996) . This protein showed a similar localization pattern as that of MS1N-GFP (Fig. 5B , E, H), whereas GFP alone did not localize in the nucleus (Fig. 5A,  D, G) . These results indicate that MS1 is a nuclear protein involved in transcriptional regulation of genes controlling pollen development.
Discussion
MS1 is a nuclear regulator expressed in tapetal cells and is indispensable for pollen maturation
We isolated a Ds-tagged ms1 allele, ms1-8 (Fig. 1A) , and identified the MS1 gene by using the Ds as a tag (Fig. 1C) . We also identified the developmental aberration of ms1-8 (Fig. 2) . ms1-8 was defective in the process of pollen maturation. Expression analyses showed that MS1 transcript was detected in the tapetum at the tetrad stage (Fig. 4B) . Transcript was not simultaneously expressed in all tapetum layers in the one flower (Fig. 4B) , suggesting that MS1 was expressed during a very short period. These results, in addition to the result that MS1 has an NLS (Fig. 5) , suggest that MS1 functions as a nuclear regulator that initiates pollen maturation.
The tapetal layer is indispensable for pollen maturation. Tapetal cells are binucleate cells lacking a primary cell wall. They are packed with ribosomes, mitochondria, endoplasmic reticulum, Golgi bodies, and many vesicles on the locular face of the plasma membrane. The tapetal cells are proposed to play a nutritive role for the microspores (Bedinger 1992) . The pollen wall consists of an inner layer (intine) and an outer layer (exine). The tapetal layer is proposed to produce exine materials such as sporopollenin (Bedinger 1992) . The outer layer of the microspores was absent in the mutant (compare C and G in Fig. 2 ). Our expression analysis showed that MS1 was expressed in tapetums but not in microspores (Fig. 4B) . Thus, our results suggest that one of the functions of MS1 is to regulate the production and transport of materials necessary for the exine layer. Another tapetal cell function is to release the young haploid microspores from the callose wall enclosing the meiotic tetrad by the secretion of a b-1,3-glucanase, or callase (Bedinger 1992) . But it is not likely that MS1 regulates the secretion of callase, because we observed that free young microspores could be separated from tetrads in the ms1-8 mutant (Fig. 2E, F) . Wilson et al. (2001) detected GUS expression within locules and pollen grains as well as in tapetal tissues of MS1::GUS fusion transgenic plants. These observations were different from our results of in situ hybridization analysis, in which MS1 expression was restricted to the tapetal tissues (Fig. 4B ). These differences might be due to diffusion of the GUS enzyme during fixation. Another possibility is that the promoter fragment of the MS1::GUS construct might lack negative cis-elements, restricting the expression in tapetal cells, like distal regulatory regions of the oleosin glycine-rich protein genes (Franco et al. 2002) . Another possibility is that the GUS enzyme was secreted from tapetal cells to locules.
Putative functional domains deduced from primary structure of MS1 protein MS1 contained a PHD-finger motif, such as is seen in other transcriptional regulators of various organisms (Fig. 3A,  C) . Recent reports indicate the biological importance of this motif. For example, clinically relevant missense mutations in the PHD domain of the human ATRX protein result in a-thalassemia and mental retardation (Gibbons et al. 1997 ). Germline nonsense mutations in the human AIRE gene result in truncated proteins, where one or both of the PHD domains are deleted in patients with autoimmune polyglandular syndrome type 1 (APECED) (The Finnish-German APECED Consortium 1997). Proteins coded by Polycomb group (Pc-G) and trithorax group (trx-G) genes of Drosophila also contain PHDfinger motifs (Fig. 3C) . These proteins are implicated in chromatin-mediated transcriptional regulation (Aasland et al. 1995) . Although biochemical functions of the PHD-finger motifs have not been characterized precisely, these motifs are thought to participate in protein-protein interactions. We revealed that MS1 contains an NLS (Fig. 5) , which strongly suggests that MS1 is a transcriptional regulator functioning in the nucleus. By analogy with these animal genes, MS1 might operate in chromatin-mediated regulation. On the other hand, we cannot exclude the possibility that MS1 protein is a DNA-binding transcription factor.
MS1 protein also contains a region homologous with a polypeptide encoded by an ORF (orf160) on the Arabidopsis mitochondrial genome (Fig. 3A, B) . In other plants, proteins encoded by the mitochondrial genome are implicated in cytoplasmic male sterility (Johns et al. 1992 , Levings 1993 , Ducos et al. 2001 . Although the function of the polypeptide encoded by orf160 is unknown, the homologous region of MS1 may be a functional domain.
We also found a leucine-zipper-like sequence (Fig. 3A, B) , but we do not think that it plays an important role in proteinprotein interaction through a coiled-coil structure, because it contains a proline residue that disrupts the helical structure. It has been considered that the tapetal cells play a role like nurse cells in mammalian systems, but there is little evidence based on molecular analysis. In this report, we identified a putative nuclear regulator, MS1, which is expressed in the tapetal layer and is necessary for microspore maturation. We think that MS1 could be a clue to elucidating the molecular mechanism of the tapetal cell function.
Materials and Methods
Plant materials and growth conditions
Ds insertion lines (background ecotype Nossen) were described previously (Ito et al. 1999 , Ito et al. 2002 . ms1-1 (stock no. CS75) was supplied by the Arabidopsis Biological Resource Center (ABRC) at Ohio State University, U.S.A. Plants were grown on soil at 22-24°C under a continuous illumination of about 50 mE s -1 m -2 .
Cloning of MS1 cDNA Genomic DNA fragments flanking the Ds of ms1-8 were amplified by using a TAIL-PCR method (Liu and Whittier 1995) . This method comprises several sequential amplifications using nested primers corresponding to Ds sequences and a degenerate primer mixture to prime at nearby sites in the adjacent sequence. The sequential amplification yields fragments adjacent to the Ds after two rounds of amplification. TAIL-PCR conditions and the sequences of the primers were as described by Ito et al. (2001) . The amplified fragments were used as probes for screening. A full-length cDNA clone was isolated from a flower cDNA library of L-er plants (Weigel et al. 1992 ). This library (stock no. CD4-6) was supplied by ABRC. 
Transformation procedure
The 5.6-kb g-1 fragment was PCR-amplified with a primer set (5¢-CTCCTTCGTGTATCGAATTATTGC-3¢ and 5¢-CTTAACGATGG-ATAATTCTTGTAG-3¢) and template DNA. Genomic DNA extracted from wild-type (L-er) or ms1-1 plants was used as the template. The g-1 fragment was ligated with a HindIII-EcoRI backbone of pBI101 (Jefferson 1987) . The resultant construct was transformed into wildtype Arabidopsis (Columbia ecotype).
RT-PCR
Total RNA was isolated from plant tissues (L-er ecotype) by using the RNeasy Plant Kit (Qiagen, Tokyo, Japan). RT-PCR was performed with the mRNA Selective PCR Kit Ver. 1.1 (Takara, Shiga, Japan). In this kit, dNTP analogs were added to the dNTPs to synthesize cDNA with a lower T m value. MS1 mRNA was detected with a primer set (5¢-GTATGTTACGGACCGACTCAAG-3¢ and 5¢-TCTTC-TCTTTGTCGTAGAAGAG-3¢) which generates a 527-bp fragment. Control TUB1 (b-1 tubulin, DDBJ/EMBL/GenBank accession no. M20405) mRNA was detected with a primer set (5¢-ATCCCACCGG-ACGTTACAAC-3¢ and 5¢-TTCGTTGTCGAGGACCATGC-3¢) which generates a 527-bp fragment. Reverse transcription was conducted by using 2 mg of the total RNA and AMV Reverse Transcriptase XL at 50°C for 15 min. The following PCR step was conducted by using AMV-Optimized Taq polymerase for 35 cycles of 85°C for 1 min, 45°C for 1 min, and 72°C for 1 min.
In situ hybridization
As a template for the hybridization probe, we used an 812-bp MS1 cDNA fragment (DDBJ/EMBL/GenBank accession no. AJ344210, nucleotide nos. 283-1,094) inserted into an SmaI site of pBluescriptIISK(-) (Stratagene, La Jolla, CA, U.S.A). This construct was linearized, and DIG-UTP-labeled sense and antisense probes were generated by runoff transcription with T3 and T7 RNA polymerases, respectively. L-er inflorescences including various stages of flower buds were fixed with FAA (3.7% formaldehyde, 5% acetic acid, 50% ethanol) for 1.5 h at 4°C. Fixed tissues were embedded in Paraplast Plus (Oxford, St. Louis, MO, U.S.A.). Eight micrometer sections were hybridized with probes as described (Braissant and Wahli 1998) . Signal was detected by using a DIG Nucleic Acid Detection Kit (Boehringer-Mannheim, Mannheim, Germany).
Subcellular localization of GFP proteins
The control DNA, p35S-GFP, consisting of a synthetic GFP under the control of cauliflower mosaic virus 35S promoter, was constructed by ligating a BamHI-EcoRI fragment of pCaMV35S-sGFP(S65T)-TYG-nos (Chiu et al. 1996) with the BamHI-EcoRI backbone of pBI221 (Jefferson 1987) . The positive control plasmid expressing SV40 NLS-GFP was previously described (Chiu et al. 1996) . The DNA segment encoding an N-terminal polypeptide of MS1 (amino acids 1-36) was amplified by PCR and ligated into an XbaI site of p35S-GFP. The resulting construct expresses a fusion protein of the N-terminus of MS1 and GFP (MS1N-GFP). These DNA constructs were introduced into Arabidopsis roots by using a pneumatic particle gun (PDS-1000/He; Bio-Rad Laboratory, Tokyo, Japan). The bombardment conditions were a vacuum of 28 inch Hg, helium pressure of 1,800 p.s.i., and a target distance of 6 cm, using 1.0-mm gold microcarriers. After incubation for 8-12 h, the tissues were stained with propidium iodide (10 mg/ml). GFP fluorescence was observed in whole mounts under a confocal laser-scanning microscope (Zeiss LSM510) with an argon laser. The FITC channel (green pseudo-color for GFP) was overlaid onto the rhodamine channel (red pseudo-color for propidium iodide) to identify GFP-positive nuclei and cells.
